Abstract
Introduction
During internal hemorrhage (GI bleeding), physiological regulatory mechanisms are effective in maintaining blood pressure (BP) at a stable level with mild blood loss (up to about 15% of the central blood volume), whereas heart rate (HR) changes during blood loss are complex and dependent on the stage of hypovolemia [1, 2] . Successful surgical treatment of the causes of hemorrhage and decreased levels of later complications are both associated with intervention early in the shock process, demonstrating the importance of recognizing bleeding as early as possible. However, as the BP and HR and the respiratory rate (RR) systems are reflexively and centrally regulated [3] it is often the case that the drop in BP due to the blood loss takes time, which delays the diagnosis of the hemorrhage [4] which in turn may put the patient at risk.
Previous studies indicated that the (LVET) may serve as a marker for a cardiac stress as it tends to be affected faster and earlier by the bleeding as compared to the HR and BP [5, 6, 7] . The LVET shortening is considered to be a result of a decline in stroke volume caused by the progressive loss of blood. Using LVET might lead to early detection of GI bleeding and possibly save patients that will likely progress to hemorrhagic shock and require lifesaving interventions.
The Lower Body Negative Pressure (LBNP) technique is used to simulate internal bleeding by changing the distribution of the blood within the body. It effectively decreases central blood volume in a similar fashion as acute hemorrhage [8] . Moreover, recently it was used to demonstrate the reduction of LVET as the negative pressure increases [5, 9] .
The current study aimed to investigate the ability to measure the LVET using an under-the-mattress PE sensor. This type of sensor was previously used to continuously monitor patients in several hospital settings to reduce mortal events of patients and shorten the response time of the medical team for cardio and respiratory emergencies [10, 11] . Using the PE sensor to identify reduction in the value of LVET could help to early alert the medical staff for a suspicion of an internal bleeding among patients at risk such as individuals after accident or surgical operation.
Method
Participants: 10 Individuals took part in the study, including six males and four females. Their age was 26.9 ± 5.22. All participants reported good health with no history of medical or cardiovascular disorders that may affect or influence their safety and the study's results. Informed consent approved by the Simon Fraser University Ethics committee was obtained prior to each individual's participation in the study.
Apparatus: An LBNP chamber was used to remove blood from circulation by pulling it toward the legs, in controlled steps. Participants were asked to lie supine on a bed with their legs in the chamber (Figure 1 ). An elastic belt was attached to the participants' iliac crest to seal the entrance of the chamber and to form an isolated air surrounding within the chamber. The monitoring of the cardio-vascular system was conducted using an under-the-mattress PE sensor that was located below the sternum. An Echo-cardiograph data was collected using Vivid-q system (General Electric). Figure 1 . The experiment setup. The participants were laying supine with their lower body enclosed in the LBNP chamber. Information regarding their cardiovascular activity was collected using an under-the-mattress sensor.
Protocol: The protocol included seven steps, each step had a time length of 12 minutes. In every step, the pressure within the chamber was changed as follows: 1. Pre-Baseline: the pressure level within the chamber is equal to the room pressure. 2. P20: reducing the pressure within the chamber by 20mmhg (<15% volume loss-Class I hemorrhage). 3. P30: reducing the pressure within the chamber to be 30mmHg below room pressure (~15% volume loss). 4. P40: reducing the pressure within the chamber to be 40mmHg below room pressure (~20% volume lossClass II hemorrhage). 5. P50: reducing the pressure within the chamber to be 50mmHg below room pressure (~23% volume loss). 6. P60: reducing the pressure within the chamber to be 60mmHg below room pressure (>25% volume loss). 7. Post-Baseline-pressure is back to normal.
The total timeline of the protocol was 84 minutes. However, participants were allowed to terminate the experiment at any time they felt uncomfortable or the nurse identified pre-syncope signs. In these cases, the pressure was immediately changed back to normal, and protocol jumped to Post-Baseline.
Data collection and feature extraction: Two different LVET datasets were extracted. Echo-Cardiograph LVET (EC-LVET) was computed by the echo-Cardiograph technician. For each participant, three minutes and nine minutes after the beginning of each of the steps, an average LVET value from three heart beats was calculated. The second dataset (ES-LVET) was extracted from the PE signal by a proprietary algorithm developed by Earlysense LTD at the same time areas in which the EC-LVET measurements were collected. In addition, an ongoing HR was collected and BP was measured every 3 minutes.
Data analysis: Pearson correlation analysis was used to test for statistical relationship between EC-LVET and ES-LVET.
In the second phase of the data analysis, the ES-LVET, BP, HR, and the RR were used to develop an alert for a suspected internal bleeding condition. The assumption was that in cases where the ES-LVET or the BP are significantly decreased or HR or RR are significantly increased, as compared to the Pre-Baseline phase, a suspected internal bleeding condition occurred. Thus, for each of the biomarkers, the minimum value of the PreBaseline minus the standard deviation of the Pre-Baseline (for ES-LVET and BP) or higher than the maximum value of the Pre-Baseline plus the standard deviation of the PreBaseline (for HR and RR) was set as a threshold. Once the mean value of the phase was lower (ES-LVET and BP) or higher (HR and RR) than the threshold, the phase was considered to be the time in which the suspected internal bleeding alert is triggered.
Results
As was expected, the change in the pressure within the chamber affected the LVET in a linear manner, thus, an increase in the negative pressure was accompanied with a faster LVET. This was observed in both EC-LVET and ES-LVET. Figure 1 presents a typical example of the two different LVET measurements throughout the process of an ongoing increasing of LBNP. In this specific example, both EC-LVET and ES-LVET were around 310 milliseconds during the pre-baseline phase. Both LVET measurements decreased as the negative pressure increased. The two LVET measurements reached a minimum value of around 200 milliseconds in Phase P60. The return of the negative pressure to normal at PostBaseline phase led to an increase in LVET values as well. This linear relationship between the negative pressure and LVET was found in most of the individuals that took part in this study. Figure 2 presents the mean and standard deviation of the ES-LVET and EC-LVET in each of the protocol's phases for the 10 participants. As can be seen in the graph, both LVET measurements started with a value of around 300 milliseconds. The gradient increased negative pressure was accompanied with a reduction of both LVETs throughout all phases. Both LVET measurement returned to the value of 300 milliseconds during the Post-Baseline phase, in which the pressure within the chamber returned to normal. A Pearson correlation analysis revealed a significant positive correlation between EC-LVET and ES-LVET (r=0.76, p<0.01). Not all participants were able to finish the entire timeline of the protocol-84 minutes. Overall, six out of the 10 participants were asked or have been required to terminate the protocol before the full planned time (three participants were asked to stop the protocol at P40, one participant at P50 and additional 2 at P60). This led to a reduced number of successful ES-LVET as well as EC-LVET measurements as the protocol advanced.
The ongoing reduction of the ES-LVET enabled to develop an alert for a suspected internal bleeding. The alert was defined as the phase in which the mean value of a phase's ES-LVET was lower than the minimum value of ES-LVET of the Pre-baseline phase minus the Prebaseline's standard deviation. The same technique was applied to the measurements of the BP, the HR, and RR. As for the ES-LVET, the alert positively identified 8 out of the 10 participants to be suspected as suffering from an internal bleeding, 6 of them were identified at the P20 phase and 2 at P30 ( Table 1) . The results of the average time in which the alerts were produced (based on the order of the different phases) revealed that the ES-LVET alert was the fastest as compared to BP, HR, and RR. Furthermore, the ES-LVET alert was more accurate compared to the other measures as it alerted in 8 out 10 participants, while the BP, HR, and RR were triggered in 7, 6, and 2 of the participants only, respectively. 
Discussion
The main purpose of this study was to demonstrate the ability to measure LVET by using a contact free under-themattress sensor. By successfully measuring LVET, a possible identification of an internal bleeding condition may be allowed. The results of the current study provide promising evidence for such an ability. Moreover, the proposed computed ES-LVET biomarker may allow to develop an LVET based monitor that will be used in different hospital departments where an internal bleeding is considered to be a risk, but nevertheless currently not under ongoing monitoring.
Previous studies were able to show the ability to measure LVET using different technologies including Photoplethysmographic Pulse Oximeter [6, 12] , or PE sensors [5, 9] . However, unlike the setting in the current research, in most of the studies, the sensor is attached to the participant's body, a setup that produced a signal with a relatively high signal to noise ratio. The results of the current study provide evidence for the ability to extract LVET from a contact free under-the-mattress PE sensor. The analysis showed a reduction in ES-LVET that accompanied the increasing of the negative pressure, in similar to the performance of EC-LVET. Moreover, a significant correlation between the ES-LVET and EC-LVET across all participants was found. The fact that it is possible to measure LVET indirectly increases the functionality of such a technique and may help to facilitate it in different medical situations.
The current study results support the notion that under progressive hemorrhage, LVET may be changed prior to BP or HR response [6, 7] . As can be seen in Table 1 , ES-LVET indicated for a suspected internal bleeding before the other collected measurements. Nevertheless, the data in Figure 3 reveal that the used technique to extract ES-LVET failed to produce data in later phases within the protocol. This may be explained by two factors: the first is the reduced number of participants that were able to continue the protocol up until its P40-P60 as six out of the 10 participants were asked to terminate the protocol prior to its planned ending. In addition, it may be the case that although the remained four participants continued to the protocol's end point, they also felt discomfort and suffered from the beginning of the cardiovascular stress. The uneasy feeling have led participants to restlessness that altered heart and body behavior and significantly decreased signal to noise ratio.
Conclusion
In conclusion, this study demonstrated the ability to measure LVET using a contact free under-the-mattress sensor. This may help measuring LVET continuously in many different medical setups where internal bleeding may be a risk. The shortening of the LVET during early stages of internal hemorrhage, as compared to BP and HR can be used for better patient safety and enhanced outcome. Further work is required to determine false alert rate in non-bleeding patients. In addition, an adaptive filtering may be required to extract LVET during near-shock conditions. Future work will also be needed to address the question whether this method is valid for hypovolemia caused by dehydration.
